In the course of daily activities, individuals spend varying amounts of time in different spaces where they are exposed to a complex mixture of gas, vapor, and particulate contaminants. The term complex is used in this paper to refer to binary mixtures as well as truly complex mixtures of three or more constituents. The diversity of the environments where pollution may occur, the number of pollutants that may be present, and the nature of the activity in the environment combine to pose a challenge to investigators of the health effects of air pollutants. This article discusses several methods of measuring or assessing exposure to complex mixture air contaminants that include time-activity assessments, personal monitoring, biomarkers of exposure, and microenvironmental models that can be employed singly or in combination in a protocol for exposure assessment. The use of nested designs, involving more intensive data collection from samples or subjects, is also considered. -Environ Health Perspect 101 (Suppl 4): 167-177 (1993).
Introduction
Human activities routinely involve exposure to the complex mixtures of gases, vapors, and particulate matter that contaminate the air in most indoor and outdoor environments. The diversity of environments, where exposure may occur, and the ofnumber of pollutants that may be present pose a challenge in investigating the health effects of air pollutants. For example, in the course of a typical day, individuals spend time in a variety ofboth indoor and outdoor environments, such as residences, industrial and nonindustrial work places, automobiles, public buildings, and urban or rural outdoor locations. The many different activities of work and leisure time also affect the personal exposures. Although this paper focuses on inhaled pollutants, it is important to recognize that exposures also take place through media other than air and by routes of entry other than the respiratory tract.
The lack of information on the characteristics of the The methodologic challenge faced in assessment of exposure to each of these types of mixtures is evident. The components of mixtures, which are relevant to the health outcomes of interest, may not be known; and, therefore, the measurement of all components of mixtures in the context of an epidemiologic investigation is not possible for most mixtures of concern. In any case, such detailed information might not be readily interpretable without an adequate biologic framework.
As an alternative to full characterization of mixtures, marker components (also referred to as tracers, proxies, or surrogates) have been used to represent exposures to the mixtures. Markers or indicators may be speciational elements, chemical compounds, size-fractionated airborne particles, metabolites in biologic specimens, variables derived from questionnaire responses, or model estimates. Ideally, a marker of exposure to a complex mixture should be unique to the mixture's source, readily detectable in air at low concentrations, present in air in a consistent ratio to other components, and measured easily and accurately at an affordable cost (1) . Unfortunately, exposure measures of a single marker for a complex mixture may not reflect toxicity from synergistic interactions among the components fully.
Tobacco combustion illustrates a single-source complex mixture found in indoor environments. Environmental tobacco smoke (ETS) is comprised of hundreds of different compounds in the particle and vapor phases (2) . Many toxic and carcinogenic agents have been identified in ETS, and ETS has been linked to a wide range of acute and chronic health effects and to loss of comfort (2) . Although it is not possible to measure all components of ETS, several specific air contaminants and categories of contaminants (nicotine, carbon monoxide, pyridine, aldehydes, and respirable particles) have been identified as markers for ETS (1) (2) (3) (4) . These markers have proved to be useful in studies of health effects, for validation of questionnaires, and the development of exposure models (5) .
Questionnaires have also been used to assess exposure to ETS by characterizing smoking in the environments where subjects spend time. Typical questions are directed to the smoking habits, especially locale and intensity, of family members or coworkers (4, 6, 7) . Biologic markers of ETS exposure, including carbon monoxide level in exhaled air, carboxyhemoglobin level, and concentrations of nicotine and its metabolite cotinine in body fluids, have also been used to assess exposure (2) .
Volatile organic compounds are a complex mix of contaminants resulting from multiple sources that exemplify the (9) has designed a mixture of 22 VOCs typically found in offices, while others use the total mass of VOCs as an exposure indicator.
The third group of complex mixtures is illustrated by photochemical smog, which includes the primary pollutants sulfur dioxide, nitrogen oxides, and hydrocarbons and diverse reactive species produced by atmospheric chemical reactions. Mixtures that concern health include photochemical oxidants and acidic gases and particles. Because identification and measurement of all the reaction by-products of this group are not possible, markers such as ozone, formaldehyde, and acid sulfates are used to assess exposure. These individual pollutants have also demonstrated adverse effects; for example, ozone is a criterion pollutant that causes transitory, and possibly long-term, effects at concentrations at or below the current standard of 0.12 ppm.
The challenge faced in assessing exposures in order to investigate the health effects ofeach of the three types of complex mixtures is evident. This article reviews the methods presently available for assessment and covers concepts of personal exposure, time-activity assessment, methods for measurement ofcontaminants, and the use of questionnaires and biomarkers. The artide ends with a discussion of integrated approaches for exposure assessment and suggestions for further research.
Concepts ofExposure and Exposure Assessment
Concepts of exposure and exposure assessment evolved and matured during the 1 970s Figure 1 . Contaminant sources and effects continuum (10) . 168 and 1 980s from studies involving large-scale measurements of the exposures of individuals and sample populations. The 1991 report of the Committee on Advances in Assessing Human Exposure to Airborne Pollutants of the National Research Council sets out these concepts and details approaches for using them in the context of epidemiologic studies (10) . The committee defined exposure as "an event consisting of contact at a boundary between a human and the environment at a specific environmental contaminant concentration for a specified interval of time; the units to express exposure are concentration multiplied by time." Dose is defined as the amount of the pollutant absorbed or deposited in the exposed person over a particular period of time. These definitions must be considered in the context ofthe averaging time relevant to the biological response of concern. In an environmental epidemiology study, exposure assessment approaches should be based on an understanding of the biologically relevant time frame for the exposure-effect association under study. For (17) Approaches to measuring personal exposures to air pollutants can be dassified as direct or indirect (10 (10, 12, (14) (15) (16) (17) (18) . Data from a study that integrates assessment of sources and their locations with personal monitoring can be analyzed for the contribution of specific sources to exposures and can also provide a basis for developing exposure models (19, 20) .
In 1988, theU.SEnvironmental Protection Agency (EPA) summarized the status of personal monitors ( Techniques for measuring reactive acidic partides and gases using a system of annular denuders and filter packs have been developed (25) . The system has been employed as an indoor and outdoor monitor especially for acid sulfate and nitrate species. Some effort also has been made to develop a proto type personal monitor that measures a limited number of ionic species. All monitors, however, measure only total partide acidity, as hydrogen ion (H+), and do not speciate H2SO4 from NH4HSO4, which may be of greater biologic relevance (26, 27) .
In contrast to the estimation of other example pollutant exposures, estimation of exposures to ozone and acidic sulfate particles may not require personal monitoring because they are regional pollutants, and outdoor monitors may be sufficient for estimating the personal exposures sustained by a population (28, 29) . However, dose estimation of these compounds for individuals also requires valid questionnaire information on the amount of time the individuals spent outdoors and their level of participation in athletic activities and other activities that increase pulmonary ventilation (10) .
For the mixtures addressed in these papers, representative personal and microenvironmental monitors are shown in Table 3 (30) . Although these monitors hold promise, their sensitivity and time resolution may not be compatible with current research needs. In addition, the fixed samplers are not always available in a form that can be used in all microenvirornments. An exception is the recent partide size selective samplers, which are integrating devices designed for operation within residential settings, outdoors, or in work place settings (10, 26, 31, 32 The application oftime-activity information to estimation ofexposures in an epidemiologic study requires in-depth consideration ofthe biologically relevant exposure measures. For short-term responses, it may be necessary to assess time-activity with a degree of temporal resolution that is not appropriate for long-term responses. The relevant microenvironments should also be determined in the analyses. As approaches to data collection are developed, emphasis should be placed on accurately measuring time in the microenvironments where subjects are exposed to the mixture being studied and on describing activities that may lead to contact with one or more components of the mixture.
Diary, recall, and observational approaches have been used to assess time and activity patterns (10, 18, 20) . In the diary approaches, subjects are asked to complete a log of their activities that typically captures sequential information on each activity, its location, and its duration. An alternative approach asks subjects to account for each time interval of a given period in regard to activities and locations. Subjects may also be asked to supply information on time and activity patterns by recall. Direct observation of subjects has received little application in studies of human exposure.
Techniques for applying time-activity data to studies of total human exposure and the data sets that are available have been reviewed by Ott (20) and Robinson (18) . Specifically, time-activity data from both the time budget and national travel surveys have been used to describe time spent in pollutant-relevant microenvironments for selected groups in the population (33, 34) . As new time-activity data have become available, researchers have updated and validated exposure models (35, 36) . Higher resolution time-activity data should improve predictions in the absence of personal exposure data.
Data from a recent statewide study of time-activity patterns of Californians over 11 years of age are used in Figure 2 to illustrate the activities and percent of time spent in a few generalized locations (37) . A finer resolution of these patterns is required to quantify health effects, identify populations at risk, and formulate effective management strategies. For example, Jenkins et al. (37) were interested in identifying the duration, frequency, and location of exposures to specific indoor sources. In the assessment of exposures to acidic aerosols and photochemical oxidants, another mixture considered by workshop participants, questionnaires would be of little value for estimating the concentrations in microenvironments. However, questionnaires would be useful for determining the time-activity patterns, the time spent outdoors, and the level of physical activity (29) . Although acid aerosol and photochemical oxidants are primarily outdoor contaminants, there are indoor sources such as kerosene heaters, which may produce acid species, and malfunctioning air cleaners, which may emit ozone. The importance of these sources could be assessed by questionnaires. In addition, contaminants from outside can penetrate the building at a rate determined largely by the type of building and the air treatment equipment. Questionnaires can provide some information on these factors.
Questionnaires also have been used widely to provide retrospective assessment of exposures in the examination of the relationship between lung cancer and ETS and residential radon exposures in case-control studies. The questionnaires are used to assess ETS exposures in several microenvironments, to obtain residential histories, to estimate the time spent in each residence, and to determine other sources of exposure. This kind of questionnaire data is subject to both random and nonrandom sources of bias (39) .
Exposures to VOCs, another example mixture, cannot be assessed readily by questionnaire. Volatile organic compounds are emitted from a large number of sources, and exposures occur in nearly all microenvironments. However, questionnaires can be used to assess the presence, absence, or use of potential sources such as cleaners, paints, new carpets, or dry cleaning, and indicate potential exposure. In studies of sick-building syndrome, such questionnaires form a major part of the exposure assessment component of the study (40 Recently, the use of biomarkers of exposure in epidemiologic studies has been discussed as offering methodology that may be useful in a) assessing the integrated exposure from all routes of entry (total exposure); b) reconstructing exposures; c) reducing error in respondent-provided exposure information resulting from biased recall, deliberate misinformation, inability to remember, and lack of knowledge; d) reducing exposureassociated misclassification and thereby enhancing study power; e) describing exposure-dose-response relationships, particularly when the target contaminant and its metabolic by-products can be identified and measured, for example, as with carbon monoxide or lead; f) identifying individuals or populations at risk through high exposure; and g) providing an independent measure of exposure for validating other measures (such as questionnaires or models).
The relationship between the biomarker and exposure may be complex. It (10) . Measurements of exhaled VOCs can indicate that exposure to specific compounds has taken place. However, the relationships between levels of individual VOCs and the complex mixtures present in different microenvironments are undoubtedly complex and variable and depend on uptake, metabolism, and excretion of the compounds.
At present, biomarkers cannot be used alone as indicators of exposure to complex air contaminant mixtures in epidemiologic studies because they do not provide sufficient information on the frequency, duration, and magnitude of exposure. However, they may provide insights into dose-response relations in the population under study; and they can reduce misclassification of exposure to specific compounds. Biomarkers only provide an indirect measure of exposure and should be used in combination with direct measures, such as air sampling, questionnaires, and models.
Integration of Exposure Methods
The selection of one or more methods of assessing exposure for an epidemiologic study should consider the specificity of the stated hypothesis, identification of the complex mix of contaminants or sources, and the existing state ofknowledge. When designing an exposure assessment protocol, it is important to consider many issues like the available resources (such as finances, work force, air sampling equipment, and laboratory analytical support), the size of the study population, the willingness of the subjects to participate, the time frame for completing the study, the suitability of the exposure While these advances have been incorporated effectively into studies of the health effects ofsingle contaminants, the assessment of exposures to complex mixtures of air contaminants continues to present a formidable challenge. At present, no immediate and major advance in methodology that will offer resolution to the problems of estimating exposure to complex mixtures can be anticipated. We suggest that progress can be made through more effective application and continued evolution of already available methods, for example, a) development and validation of standardized questionnaires on Figure 3 . Representation of "nested" exposure assessment strategy that utilizes questionnaires to acquire an easily acquired measure of exposure in the whole study population, while simutaneously obtaining more detailed exposure information by using more sophistticated techniques on ever-decreasing numbers of subjects. 
